Background and objective
Results
In the first study 19 patients presented at delivery with preeclampsia. Semaphorin 3F placenta tissue expression was significantly reduced in preeclampsia. In addition, semaphorin 3F level at delivery was significantly lower in serum, amniotic fluid and venous umbilical blood of preeclamptic patients compared with normal pregnant women. In the prospective cohort study 14 women developed preeclampsia. In this setting, semaphorin 3F amniotic level at 16-18 weeks of gestation was reduced in women who subsequently developed preeclampsia compared to women with a normal pregnancy. ROC curve analysis showed that semaphorin 3F amniotic levels could identify women at higher risk of preeclampsia.
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Introduction
Preeclampsia is a systemic disorder, characterized by the new onset of hypertension and proteinuria after 20 weeks of gestation. This condition, unique to humans, complicates 2-10% of pregnancies worldwide (1) . Preeclampsia recognizes two key pathogenic events: impaired placenta implantation and subsequent systemic endothelial dysfunction [1] . Indeed, placenta delivery resolves the acute clinical signs of preeclampsia, suggesting that placenta vascular bed plays a central role in the pathogenesis of this condition. A fine balance between pro-and antiangiogenic factors is a key feature of normal pregnancy [2] . Preeclampsia, on the other hand, is characterized by an ineffective remodeling of maternal vessels perfusing the placenta. Although reduced angiogenesis is often considered a hallmark of this pathological condition, different observations suggest an increased angiogenesis in preeclamptic placenta [3] . Semaphorins are a large and extremely heterogeneous family of soluble and membraneassociated proteins ordered into eight classes. Semaphorins are widely expressed in several tissues, although their expression patterns are best characterized in the nervous and cardiovascular system. Semaphorins expression profiles have been recently described in immune system, kidney and in different types of malignancies [4] .
Semaphorin 3F is a tumor suppressor. The gene encoding for this protein was identified in a region of human chromosome 3p21.3, commonly deleted in small cell lung carcinoma [5] . Semaphorin 3F is a powerful anti-angiogenic factor, inhibiting vascular endothelial growth factor (VEGF)-induced proliferation of human umbilical vein endothelial cells [6, 7] . Plexines are the main semaphorins' receptors, but semaphorin 3 interacts also with another class of membrane-associated proteins, the Neuropilines (NRP). NRP1 and NRP2 are single pass trans-membrane glycoproteins, first identified in neurons [8] . NRP1 binds both semaphorin 3A and 3F, but with a higher affinity for the latter, while NRP2 binds semaphorin 3F only [9] . NRPs are expressed by arterial, venous and lymphatic endothelium [10] .
On this basis, we investigated whether semaphorin 3F might be involved in the development of late onset preeclampsia. In addition, we evaluated whether its concentrations in the amniotic fluid at the 16-18 weeks of pregnancy may represent a predictive biomarker of the disease.
Subjects and methods

Study population
The study was approved by the University of Foggia Ethical Committee, (IRB protocol number 53/EC/2013). Each woman enrolled in both studies signed a written informed consent approved by the Ethics Committee.
We performed two single center observational studies, in the period from March 2013 to August 2014. In the first study we included 110 consecutive pregnant women undergoing an elective cesarean section, meeting the following inclusion and exclusion criteria. Inclusion criteria were: elective caesarean section at our Obstetric and Gynecologic Unit; no previous pregnancy; age >18 years; written informed consent form. Exclusion criteria were: history of venous thromboembolism; twin pregnancy; early onset preeclampsia; presence of an autoimmune disease (systemic lupus erythematous, anti-phospholipid syndrome); any other systemic disease, including chronic hypertension, diabetes mellitus, cardiomyopathy, liver diseases, chorioamnionitis, infectious diseases. Out of 110 patients enrolled, 19 presented with preeclampsia. Preeclampsia was diagnosed according to the International Society for the Study of Hypertension in Pregnancy (ISSHP) criteria [11] . Samples of maternal peripheral blood, fetal cord blood and amniotic fluid were collected at the time of delivery. Moreover, we collected a placental cotyledon, close to umbilical cord. We included in the study a control group of 40 non-pregnant healthy women.
In the same period of time, we enrolled a second group of 150 consecutive pregnant women undergoing amniocentesis, for age (>35 years old) or for patients request, at 16-18 week of gestation and meeting the inclusion/exclusion criteria indicated for the first group of patients. In this second cohort we measured semaphorin 3F levels in the amniotic fluid at the time of amniocentesis. To this purpose we used the supernatant of amniotic fluid remained after clinical testing, including karyotype analysis and α-fetoprotein measurement. Fourteen out of 150 women of this group developed late preeclampsia according to the ISSHP criteria [11] .
Samples collection
Three placenta tissue samples/patient were collected using a sterile scalpel within 10 minutes of placenta delivery. The samples were removed from a medio-basal location as defined by Wyatt el al [12] . Each tissue sample was washed three times with ice-cold PBS and then snapfrozen in Optimal Cutting Temperature medium (OCT, Sakura Finetek Europe BV, Leiden, The Netherland) and stored at -80˚C until analyzed. PBS after washing was collected and stored at -80˚C to detect possible release of semaphorin 3F from syncytium trophoblast. Maternal serum, cord blood and amniotic fluid samples were collected from all patients and stored at -80˚C until used.
Confocal microscopy
Confocal microscopy was performed on 5-μm thick cryostat tissue sections from both normal and preeclamptic placentas using a confocal laser-scanning microscope (TCS SP5, Leica Microsystems AG, Wetzlar, Germany). All the reagents were prepared in 0.05% TritonX100-containing PBS to permeabilize cell membranes. Staining with primary goat polyclonal anti-human semaphorin 3F IgG antibody (clone G-14, Santa Cruz Biotechnologies, Santa Cruz, CA), CD31 monoclonal antibody (clone JC70, Ventana Medical Systems, Tucson, AZ), NRP2 monoclonal antibody (clone C-9, Santa Cruz Biotechnologies, Santa Cruz, CA), HIF-1 alpha monoclonal antibody (H1alpha 67, Santa Cruz Biotechnologies) and secondary Alexa Fluor 488-labeled rabbit anti-goat IgG, Alexa Fluor 546-labeled goat anti-mouse IgG, Alexa Fluor 488-labeled goat anti-mouse IgG respectively (Molecular Probes, Eugene, OR) were performed following the manufacturers' instructions. Nuclei were counterstained with Topro-3 (Molecular Probes). Specific fluorescence quantification was performed as previously described [13] .
Protein extraction and western blot assay
Western blot studies were performed using all the placenta samples from the preeclampsia group and 19 randomly selected samples from the control group. To this purpose, tissue samples (200 mg) were homogenized in protein extraction buffer (Tris-HCl, NP-40, NaCl, EDTA, NaN3, and PMSF at pH 7.5) with freshly added DTT, leupeptin and aprotinin (protease inhibitors). The lysate was centrifuged at 14,000xg for 15 min at 4˚C. The supernatant was collected and protein concentration was measured by the Bradford method (Bio-Rad Laboratories, Hercules, CA). Proteins were separated by SDS-PAGE (10% polyacrylamide) and electro-transferred onto PVDF membrane (Millipore, Bedford, MA). The filters were blocked with 5% non-fat milk powder in PBS containing 0.1% TWEEN-20 (TBS), incubated with anti-semaphorin 3F (1:250) and NRP2 monoclonal antibody (1:250), washed again in T-PBS, incubated with horseradish peroxidase-conjugated secondary antibodies (rabbit anti-goat and goat antimouse IgG 1:3000 respectively, Bio-Rad Laboratories) and the signal was detected by the ECLenhanced chemiluminescence system (Amersham, Piscataway, NJ). The image was acquired using a scanner UVP Chemidoc-IT (UVP, LLC, Upland, CA) and quantified by NIH ImageJ software. Membranes were stripped; immunoblotted with anti-β-actin antibody (1:10000 in TBS) and β-actin bands intensity was used to control for equal loading.
ELISA
Semaphorin 3F serum and amniotic fluid levels were measured by ELISA using a commercially available kit, following manufacturer's instructions (USCN Life Science Inc, Houston, TX), with a mean minimum detectable concentration of 17.55 pg/ml and a maximum detectable concentration of 3000 pg/ml. Semaphorin 3F levels in PBS collected after washing of placental tissue samples were assayed by the same kit. All serum and amniotic fluid samples were diluted 1:1000 and 1:100, respectively, while washing PBS was assayed undiluted. All the samples were assayed in duplicate.
Statistical analysis
Statistical analyses were performed using the SPSS software (SPSS 17.0 Inc., Evanston, IL). Continuous variables were compared by paired or unpaired Student t-test or Mann-Whitney u test, as appropriate. Correlation between two variables was determined by linear regression analysis and Spearman's correlation test as appropriate. A Receiver operator characteristic curves (ROC) analysis was performed and an operational cut-off level was defined in order to identify pregnant women at risk to develop preeclampsia. A two-sided p<0.05 was considered statistically significant. Results were expressed in the text as mean ± standard deviation (SD) unless otherwise stated.
Results
The main clinical features of mothers and newborns at delivery from the first group are shown in Table 1 . Newborns from preeclamptic women at delivery had lower gestational age and birth weight (Table 1) . Also placental weight was lower in women with preeclampsia compared with normal women (Table 1) .
Semaphorin 3F expression is reduced in placental tissues of preeclamptic patients at delivery Semaphorin 3F was constitutively expressed by the endothelial cells of chorionic villi in normal placenta (Fig 1A-1D) , while its placenta expression was markedly reduced in patients with preeclampsia (Fig 1E-1H) . Specific semaphorin 3F immunofluorescence quantification ( Fig  1Y, left histogram) confirmed a statistically significant difference in MFI between normal and preeclamptic placenta (3.2±0.3 vs. 1.3±0.6 Arbitrary Units, p<0.001).
To rule out a possible release of semaphorin 3F from syncytium trophoblast during washing of placental cotyledons at time of collection, the presence of semaphorin 3F in the washing solution was assayed, by ELISA, and resulted absent.
We, then, investigated, by confocal microscopy, the placenta expression of specific semaphorin 3F receptor NRP2. In normal placenta NRP2 was highly expressed at the endothelial level (Fig 1I-1L) , while its expression was strongly reduced in preeclamptic placenta (Fig 1M-1P ). Specific NRP2 immunofluorescence quantification (Fig 1Y, center histogram) confirmed that NRP2 expression in normal placenta was significantly higher than in preeclamptic placenta (5.7±1.5 vs. 2.4±0.9 AU, p<0.001).
The down-regulation of anti-angiogenic signals semaphorin 3F and NRP2 in preeclamptic placenta was strictly associated with tissue ischemia, as suggested by the increased expression in preeclamptic placental tissues of Hypoxia-inducible factor 1-alpha (HIF1-alpha) (Fig 1U-1X) , which was almost absent in normal placenta (Fig 1Q-1T) . Specific HIF1-alpha immunofluorescence quantification (Fig 1Y, right histogram) confirmed a low level of HIF1-alpha signal in normal placenta, while its expression was strongly elevated in preeclamptic placenta (0.2 ±0.1 vs. 7.9±3.3 AU, p<0.001). Noteworthy, linear regression analysis of specific immunofluorescence quantification in preeclamptic placenta showed that HIF1-alpha signal was inversely and significantly correlated to semaphorin 3F expression (R 2 = 0.675; p = 0.01).
Protein expression of semaphorin 3F and NRP2 was also evaluated by immunoblotting. This semi-quantitative approach confirmed that both semaphorin 3F and NRP2 were significantly higher in normal as compared to preeclamptic placenta (Fig 2A and 2B) Semaphorin 3F levels are reduced in serum, amniotic fluid and cord blood of patients with preeclampsia at delivery To confirm our data on lower semaphorin 3F expression in preeclamptic women, we assessed its levels in maternal serum, amniotic fluid and cord blood at delivery and we observed that the levels of this anti-angiogenic factor were significantly lower in samples from preeclamptic patients as compared with those from normal pregnant women (2.01±0.33 vs. 2.92±0.55 ng/ mL in maternal serum, p<0.001; 131.70±36.20 vs. 198.18±83.51 ng/mL in amniotic fluid, p = 0.001; 0.58±0.27 vs. 0.92±0.20 ng/mL in cord blood, respectively; p = 0.03) (Fig 3A-3C) Noteworthy, serum semaphorin 3F levels in patients with preeclampsia were comparable to those of non-pregnant health female controls (n = 40) (2.01±0.33 vs. 1.70±0.30 ng/mL, p = 0.07) (Fig 3A) . Interestingly, semaphorin 3F concentrations both in maternal serum and in amniotic fluid were significantly associated with placental weight and newborn weight. In detail, linear regression analysis demonstrated a strong association between semaphorin 3F levels in maternal serum and both placental weight (R 2 = 0.8299; p<0.001) and newborn weight (R 2 = 0.5563; p<0.001) at birth. The same relationship was observed by linear regression analysis between semaphorin 3F levels in amniotic fluid and both placental weight (R 2 = 0.4889; p<0.001) and newborn weight (R 2 = 0.2872; p<0.001) at birth.
Semaphorin 3F levels are reduced in amniotic fluid at 16-18 weeks of gestation in pregnant women developing preeclampsia
We investigated the levels of semaphorin 3F in the amniotic fluid at 16-18 weeks of gestation. Semaphorin 3F levels were measured in the amniotic fluid from 150 healthy pregnant women undergoing amniocentesis for routine clinical indications. All the pregnant women were, then, followed until the delivery and the main clinical outcome were recorded. The main clinical characteristics of the entire study group are summarized in Table 2 . Among the entire study group, 14 patients, who developed late preeclampsia, showed significantly lower semaphorin 3F levels in the amniotic fluid at amniocentesis as compared with women who carried out a normal pregnancy (9.08±7.7 vs. 30.85±15.81 ng/mL, p<0.001) (Fig 4A) A ROC curve analysis was performed to further validate the role of semaphorin 3F amniotic levels at amniocentesis in predicting the risk of preeclampsia onset and to define an operational cut-off value. The analysis demonstrated that semaphorin 3F amniotic levels were able to reliably identify pregnant women at higher risk to develop preeclampsia (AUC 0.941, p<0.001), and to define a cut-off value of 18.35 ng/mL with a 80.1% specificity and a 90.9% sensitivity, a positive predictive value of 32.5% and a negative predictive value of 99.1% (Fig 4B) 
Discussion
In the present study we demonstrate for the first time that semaphorin 3F placenta tissue expression is significantly reduced in women with preeclampsia, along with its levels in maternal serum, amniotic fluid and venous umbilical blood at the time of delivery. In addition, a decreased semaphorin 3F concentration in the amniotic fluid was already present at 16-18 weeks of gestation, potentially suggesting this anti-angiogenic factor as a predictive biomarker of preeclampsia.
Angiogenesis is a multifaceted biological process controlled by several factors, directly or indirectly, promoting or inhibiting endothelial cells growth and migration. Maynard et al. [14] were the first to observe that preeclampsia is characterized by the presence of anti-angiogenic signals involving the up-regulation of placenta-derived soluble fms-like tyrosine kinase-1 (sFlt-1) in maternal plasma. This soluble receptor antagonizes the angiogenic effects of VEGF and placental growth factor. Subsequently, others authors confirmed the presence of an antiangiogenic state in preeclampsia as well as in other pregnancy-related disorders [15, 16] . Indeed, there is a growing body of evidence that anti-angiogenic mediators in maternal serum may serve as potential biomarkers for adverse pregnancy outcomes [17, 18] .
On the other hand, the extra-villous trophoblast displays a phenotype very similar to cancer cells, with the ability to proliferate, migrate, induce angiogenesis and immune tolerance, using similar molecular mechanisms [19, 20] . The conditio sine qua non of both a successful pregnancy and malignancy development and progression is the establishment of an adequate oxygen and nutrient supply, and invasion through normal tissues is essential for this process. Cell invasion requires changes in the expression of adhesion molecules, secretion of proteases and (green) and CD31 (red) in the placenta of both normal (I-L) and preeclamptic (M-P) patients. To-pro-3 counter stains nuclei (blue). Merged images (yellow) demonstrate that NRP2 was highly expressed at endothelial level (I-L), while its expression was strongly reduced in preeclamptic placentae (M-P). Doublelabel immunofluorescence showing expression of HIF1 alpha (green) and CD31 (red) in the placental tissue of both normal (Q-T) and preeclamptic (U-X) patients. To-pro-3 counter stains nuclei (blue). Merged images (yellow) demonstrate that HIF1 alpha was absent in normal placentae (Q-T), while its expression was significantly increased in preeclamptic placentae (U-X). Specific semaphorin 3F immunofluorescence quantification (Y, left histogram) showed statistically significant difference in mean fluorescence intensity (MFI) between normal and preeclamptic patients. Quantification of specific NRP2 fluorescence (Y, center histogram) demonstrated that MFI of NRP2 in normal placentae was significantly higher than in preeclamptic placentae. Quantification of specific fluorescence (Y, right histogram) confirmed the absence of HIF1 alpha signal in normal placentae and its increased expression in preeclamptic placentae. Results are representative of 10 patients. (*) p<0.001.
https://doi.org/10.1371/journal.pone.0174400.g001 availability of cytokine and growth factors [20] . NRPs expression is modulated in this process [21] . Coma et al [22] report that cancer cells repress NRP2 transcription under hypoxic conditions. NRP2 down-regulation in tumor cells significantly influenced the biological activities of its two ligands, semaphorin 3F and VEGF while inducing an increase of VEGF protein levels NRP2 (B) protein expression was analyzed by immunoblotting in placental tissues from both normal and preeclamptic subjects. Semaphorin 3F and NRP2 protein expression was significantly higher in normal placentae as compared to preeclamptic placentae. Quantification of semaphorin 3F and NRP2 protein expression is normalized to β-actin bands intensity. Data are represented as mean semaphorin 3F/β-actin and NRP2/β-actin ratio ± SD and are representative of the whole preeclampsia group and of 19 randomly selected women from the control group. (*) p = 0.04 for Semaphorin 3F and p = 0.03 for NRP2, respectively.
https://doi.org/10.1371/journal.pone.0174400.g002 in conditioned media, resulting in increased paracrine activation of endothelial cells. These results, suggesting a novel mechanism linking hypoxia to neoplastic angiogenesis, might also explain the down-regulation of NRP-2 observed in our setting [22] .
The reduced invasiveness of extra-villous trophoblast in preeclampsia is considered to be due to an increased placenta expression and release of sFlt-1 [23] [24] [25] . sFLT-1, a soluble VEGF receptor, binding to its ligand specifically inhibits VEGF activity and its excessive production leads to a reduced angiogenic potential. In this setting, it is surprising to find a clear reduction in the expression of semaphorin 3F, a well-known anti-angiogenic mediator. Interestingly, semaphorin 3F has been shown to directly disrupt VEGF signaling [3] . Thus, it is conceivable that, in the face of a reduced VEGF signaling, the physiological response might be represented by the reduction in one of the natural anti-VEGF factors. We hypothesized that placenta ischemia, featuring preeclampsia, might induce the down-regulation of the anti-angiogenic system represented by semaphorin 3F and its receptor, NRP-2, in the attempt to improve placenta angiogenesis and blood supply. This hypothesis is supported by our observation of a clear association between the reduction in semaphorin 3F gene expression and the significant increase in HIF-1-alpha protein expression within the preeclamptic placenta. HIF-1alpha, in fact, is a critical mediator of the hypoxic response [26] [27] [28] .
The reduced expression of a powerful anti-angiogenic factor should inevitably lead to an increased angiogenesis. Interestingly, there are several observations suggesting that preeclampsia is characterized, indeed, by an excessive angiogenesis. Escudero et al. observed a significantly increase in the number of CD31-positive cells within the diffusion villi and a higher CD31 and CD34 protein level in placentas from preeclamptic women in comparison with those from normal pregnancies [3] . Resta et al reported a dramatic increase in the ramification of the capillary loops, characterized by irregular profile and narrow lumina, within preeclamptic placentas [29] . Since the neoangiogenic response to ischemia in this setting appears extremely deregulated, this process, instead of preventing placenta ischemia may even further reduce the perfusion of the feto-placental unit. Indeed, our data on the correlation between semaphorin levels and placenta as well as newborn weight confirm this hypothesis and are supported by recently findings in which the down-regulation of well-known pro-angiogenic factor is correlated with fetal growth restriction [30] .
To date no specific mechanisms has been suggested to explain the angiogenic response in preeclampsia. Interestingly, Escudero et al observed that placenta angiogenesis in this setting was not associated with an increased VEGF receptor expression, but with a significant activation of its downstream signaling [3] . This observation along with our findings might suggest a ±0.27 vs. 0.92±0.20 ng/mL for cord blood, respectively, p = 0.038). Serum semaphorin 3F levels were also assessed in a cohort of non-pregnant health female controls (n = 40), which resulted comparable to preeclampsia patients ( placenta ischemia, our observation of a significant reduction of semaphorin 3F levels in the amniotic fluid at 16-18 weeks of gestation might directly support the hypothesis that placenta hypo-perfusion in preeclampsia develops in the first weeks of pregnancy. In addition, this observation might also suggest a role for semaphorin 3F as an early predictive biomarker of preeclampsia.
A potential limitation of our study might be represented by the relatively small sample size of the perspective cohort, although this part of the study should be regarded as a further confirmation of the semaphorin 3F role in the development of preeclampsia. Conversely, the evaluation of semaphorin 3F expression on placenta tissue, and the correlation between its serum and amniotic fluid levels with the main clinical feature of pregnancy, as well as the results from our prospective cohort, certainly represent key strengths of our study.
In conclusion, the present study demonstrates for the first time that an anti-angiogenic system, including semaphorin 3F and its receptor NRP2, is significantly reduced in preeclamptic placenta. In addition, our findings support the hypothesis that amniotic fluid levels of semaphorin 3F might represent a predictive biomarker of preeclampsia. 
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